has been recommended to prevent K. septempunctata infection at flounder hatcheries (Nishioka et al., 2016) . These measures have likely contributed to a recent decrease in food poisoning from Japanese cultured flounder. However, incidents associated with imported Korean flounder have occurred continuously, probably due to an insufficient quarantine system. However, it is difficult to determine the origin of the flounder when food poisoning occurs at restaurants, because domestic and imported flounder are mixed during the distribution process. In the present study, we compared the morphological and molecular characteristics of K. septempunctata between multiple isolates from two countries to distinguish between the geographical origins. Although only Japanese isolates from the same farm were used for the factor analysis probably influencing the frequency of the number of polar capsule, the obtained results will give us a hint to separate the two geographical origins of K. septempunctata.
Materials and Methods

Parasite samples
Kudoa septempunctata samples were collected individually from 28 olive flounder (19 Japanese and nine Korean) from April 2009 to July 2012. Out of 19 Japanese isolates, 12 samples were derived from the same stock of cultured flounder (2-year old) collected during different months (April to December, 2010). Among the Korean isolates, two samples were leftover specimens from food poisoning incidents that occurred in Japan. For the molecular analysis, two additional isolates of K. septempunctata associated with food poisoning and of unknown origin were included.
Morphological examination
Wet mounts of roughly 20 mg of infected muscle tissue from each fish were made on a glass slide with several drops of phosphate buffered saline (PBS). Alternatively, smear slides of spores were air-dried, fixed in methanol and stained with methylene-blue. Spore morphology was individually observed by either wet mounts or stained specimens under a light microscope (CX41, Olympus). The number of the polar capsule (PC) was counted among 200 spores of each isolate. The frequency of the number of PC from even only one muscle sample was considered to represent the frequency of the number of PC for the olive flounder concerned, because they were found to be almost constant among the multiple muscle samples in the same individual flounder (unpublished data, Yokoyama, H.) . To identify the factors that influence the number of PC, a factor analysis that included the body weight of the host fish and the sampling months was performed using the same stock of infected olive flounder from a Japanese farm.
Spore purification and RNA extraction
A discontinuous Percoll density gradient centrifugation method was used in the spore isolation process. Briefly, approximately 20 g of skeletal muscle tissue was removed from olive flounder infected with K. septempunctata (spore density of 3.3 × 10 6 cells/g of fish muscle) and 5 mm diced in 10 mL of PBS. The spore suspensions were filtered with 100 and 40 μm cell strainers (Corning). The filtrate was centrifuged at 863 × g (= 2,500 rpm) for 20 min and washed with PBS. Furthermore, 25%, 36%, 56% and 60% dilutions of the Percoll plus (GE Healthcare) solution were made using minimum essential medium (Invitrogen/Gibco) and discontinuous gradients were prepared by sequentially layering 60% and 25% solutions. The spore suspension was applied to the tops of gradients and centrifuged at 863 × g for 30 min. The spore fraction was collected from the junction of the Percoll layers and washed with PBS. Likewise, the spore suspension was applied to the top 56% and 36% of Percoll gradients, and the spore fraction was collected. After a washing step, the purified spores (1.5 × 10 7 cells) were resuspended into 1 mL of ISOGEN (NIPPON GENE) and total RNA was extracted according to the manufacturer's instructions.
Transcriptome analysis
RNA integrity was assessed by agarose gel electrophoresis and the concentration was quantified using a NanoDrop ND-2000 spectrophotometer (Thermo Fisher Scientific). cDNA libraries were prepared from total RNA and sequencing with Illumina HiSeq 2000 was performed by Hokkaido System Science Co., Ltd., Japan.
Sequence analysis
In the present study, the 18S-28S internal transcribed spacer (ITS) region and partial mitochondrial DNA (mtDNA) encoding cytochrome b and NADH dehydrogenase subunit 1 was analyzed to construct a genotyping assay. Gene specific primer sets were designed for amplifying each target DNA based on the transcriptome analysis data (Table 1) .
DNA was extracted from infected muscle tissue with the E.Z.N.A. ® Tissue DNA Kit (Omega Bio-Tek) following the manufacturer's instructions. The full length of the ITS region and partial mtDNA was amplified by two-step PCR with KOD -Plus-Ver. 2 (Toyobo). The first PCR amplification was done at 94°C for 2 min followed by 40 cycles at 94°C for 30 s, 50°C for 30 s, and 68°C for 2 min. The first PCR products were diluted 100 times and then used as templates in a second PCR reaction. The second PCR was performed at 94°C for 2 min followed by 30 cycles at 94°C for 30 s, 55°C for 30 s, and 68°C for 2 min. The PCR products were purified using illustra ExoProStar (GE Healthcare), which utilizes exonuclease I and alkaline phosphatase to remove unincorporated primers and dNTPs. PCR products were sequenced directly and in both directions with PCR primers using the ABI PRISM 3130xl sequencer (Applied Biosystems).
Design of PCR-RFLP assay
PCR-restriction fragment length polymorphism (PCR-RFLP) is a relatively simple and convenient method for detecting variation in DNA sequences. On the basis of DNA sequence data, the digestion patterns were predicted for various restriction enzymes using GENETYX ver.11 software. Finally, the Hpy188I and Hpy188III enzymes were selected for the PCR-RFLP assay.
The PCR products generated in the section "Sequence analysis" were purified via the Wizard SV Gel and PCR Clean-Up System (Promega) according to the manufacturer's instructions. The restriction reactions were performed in a final volume of 20 μL with 10 μL of purified PCR product, reaction buffer and 5 U each of Hpy188I and Hpy188III (New England BioLabs) and was incubated for 60 min at 37°C and then 20 min 65°C. Half of the reaction volume then loaded on a 2.5% agarose gel stained with ethidium bromide (0.5 μg/mL) and imaged on the Gel Doc™ XR+ Gel Documentation System (Bio-Rad Laboratories, Inc.).
PCR-RFLP analysis on multiple samples
DNA extraction and two-step PCR were performed in the section "Spore purification and RNA extraction". Purification and digestion of the PCR products were described in the section "Design of PCR-RFLP assay".
Results
Frequency of polar capsules per spore
Within the same individual flounder, we observed two primary phenotypes: spores that had six or seven PCs (Fig. 1) . Spores with six PCs was the most common phenotype (32%-86%) among the isolates examined (Fig. 2) , but we also observed a significant difference in the frequency of spores with seven PCs between Japanese (mean 2%, range 0%-15%) and Korean (mean 44%, range 12%-61%) isolates (Fig. 2) . The frequency of spores with five PCs was also significantly different between the isolates from Japan (mean 27%, range 2%-46%) and Korea (mean 1%, range 0.5%-3%). However, the number of spores with five PCs was unreliable because a polar capsule could be lost from spores with six PCs. The factor analysis showed that there was no association (r = -0.18181) between the body weight of the host fish and the frequency of spores with seven PCs (Fig. 3) . Also, the sampling months did not show any seasonal trend (r = 0.0513) in the frequency of spores with seven PCs (Fig. 3) .
Spore purification and transcriptome analysis
In total, 6.2 × 10 7 spores were collected by the discontinuous Percoll gradients and 18.5 μg of total RNA was obtained. Approximately 2 Gbp of RNA-seq reads were obtained, and 82,516 contigs were generated using the Trinity de novo assembly program.
Molecular analysis of the ITS and mtDNA
The sequences within the ITS region (1,900 bp) were found to be 96.3% to 99.5% identical among K. septempunctata isolates from Japan, Korea and of unknown origin. However, we were unable to identify suitable markers within the ITS region to design a genotyping assay. These sequences were deposited in the GenBank database, as follows: Japanese isolates (accession No. LC037195, LC037201), Korean isolates (LC037197, LC037199, LC037200, LC037202) and isolates of unknown origin (LC037196, LC037198).
The analysis of mtDNA sequences (1,912 bp) revealed that intraspecific variations existed between the Japanese and Korean isolates as well as in the isolates of unknown origin. These sequences were deposited in the GenBank database, as follows: type I (accession No. LC214940), type II (LC214941), type III (LC214942) and type IV (LC214943). A restriction site analysis predicted that multiple Hpy188I and Hpy188III enzymatic sites were available for a PCR-RFLP assay of K septempunctata, based on the sequences of mtDNA shown in Fig. 4 .
PCR-RFLP analysis
The PCR-RFLP analysis using the restriction enzymes Hpy188I and Hpy188III demonstrated that there were four types among the Japanese isolates, Korean isolates and isolates of unknown origins (Fig. 5 ). Each pattern was characteristic and easily distinguishable from the other examined isolates. 
Genotyping of multiple isolates
Ten Japanese isolates were divided into three types; five isolates were type I, one was type II, and four were type IV. In contrast, all Korean isolates were classified as type II. Considering the relationship between phenotype and type, spores of type I, II and IV tended to possess a maximum of six (5 out of 5 isolates), eight (7 out of 10 isolates) and seven (4 out of 4 isolates) PCs, respectively.
Discussion
The present study indicates that the seven PCs per spore phenotype can be used to distinguish between Japanese and Korean isolates of K. septempunctata. Although there was also a significant difference between the frequency of spores with five PCs, the presence of broken spores that lost a PC made it an unreliable phenotype. In multivalvulid myxozoans, the number of PCs is the same as the number of spore valves, though a certain level of expertise is required to count these numbers correctly. However, the purpose of the present study is to establish the method to distinguish the two geographical origins of parasite easily even by beginners using either wet mounts or stained specimens. Thus, we recommend using spores with seven PCs as a presumptive diagnostic index. However, it remains unclear why the number of PCs varied between Japanese and Korean isolates of K. septempunctata. Plasticity in the number of PCs among Kudoa myxozoans possessing 5 or more PCs has been reported by many researchers (Egusa, 1986; Burger and Adlard, 2010) . The biological factors potentially influencing the number of PCs were not identified in the present study, although only Japanese isolates from the same farm were analyzed. Neither the body weight of the host fish nor the sampling time appeared to correlate with the 7 PCs per spore phenotype. This result suggests that the development of PCs does not depend on fish growth or on the elapsed time since the initial infection. Further studies are needed to clarify the mechanisms involved.
The apparent phenotypic difference implies a genetic difference, even at the species level, between the Japanese and Korean Kudoa isolates. However, 100% identity in the 18S and 28S rRNA gene sequences between the isolates from the two countries demonstrates conspecificity within K. septempunctata. Inconsistency between the phenotypes and types also suggests the presence of several populations of K. septempunctata. The parasite was first described in olive flounder imported from Korea (Matsukane et al., 2010) , suggesting that the parasite travelled from Korea to Japan through imports of live olive flounder. Alternatively, considering the frequent transportation of broodstock and/or juvenile olive flounder from Japan to Korea and vice versa during the history of flounder aquaculture, it is also likely that the K. septempunctata population was already mixed within the two countries. Jung et al. (2011) reported that the ITS regions of the scuticociliate Miamiensis avidus were identical among multiple strains of olive flounder in Korea and Japan, suggesting a recent dispersal of M. avidus via anthropogenic movement of flounder in the two countries.
In contrast, the mitochondrial gene analysis of K. septempunctata revealed that intraspecific variations exist between the Japanese isolates, Korean isolates, and in the isolates of unknown origin. Takeuchi et al. (2016) also reported that there were three types (referred to as ST1, ST2 and ST3) in mitochondrial genes among Japanese and Korean isolates of K. septempunctata, and that Japanese isolates were either ST1 or ST2, whereas Korean isolates were prominently ST3. Likewise, in the present study, the RFLP analysis using the restriction enzymes Hpy188I and Hpy188III indicated that there were four types among the isolates examined. As far as we know, this study is the first to use an RFLP analysis to differentiate geographically distinct strains of the same myxozoan species. In previous studies, PCR primers specific to the 18S rRNA gene was used for the identification and differentiation of myxozoan species (Xiao and Desser, 2000; Esterbauer et al., 2001; Nielsen et al., 2002) . Ohnishi et al. (2015) showed that 34 K. septempunctata isolates associated with food poisoning incidents were divided into eight groups, using a random amplified polymorphic DNA (RAPD) analysis. Such high genetic diversity suggests the presence of additional types of K. septempunctata than what has been described thus far. Future studies with additional samples are necessary to characterize the relationship between the two geographical strains of K. septempunctata. Further understanding of the K. septempunctata strains may reveal differences in pathogenicity that can impact human health.
In conclusion, the morphological and molecular markers that distinguish between the geographical origins of K. septempunctata enable us to trace the flounder during its distribution, as well as minimizing the incidence of food poisoning caused by the parasite.
